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EXCITED BARYONS AT HIGH MOMENTUM TRANSFER
WITH THE CLAS

Extension of Experiment 91-002 to 6 GeV Electron Beam

The N* Collaboration +

P. Stoler: co-spokesperson, contact person

V. Burkert, Z. Li, M. Taiuti: co-spokespersons

Abstract

We propose to extend the kinematic range of experiment 91-002 from a maximum

Q2 of about 4 GeV2/c? to about 7 GeVZ/c? by utilizing a beam energy of 6 GeV. We
request 720 hrs (30 days) of unpolarized beam, at a luminosity of approximately 1 x

10%% em—2s~1. We will measure the properties of excited nucleons by means of exclusive
single meson production. The motivation is to investigate short range phenomena in
baryon structure, and by obtaining the individual contributing helicity amplitudes we

will obtain informaton about the transition from the low Q? non-perturbative regime,

where theoretical descriptions have used constituent quark models, to higher Q2 where
it is believed perturbative QCD plays an increasingly important role. Among the specific
transitions which we will study are the evolution of the P33(1232), §11(1535), and Fi5(1680)
form factors.

. TThe members of the Hall B CLAS N* collaboration are: G.Adams®, M. Anghinolfi8,
K. Beard'?, N. Bianchi’, G.P. Capitani’, V.Burkert!, R. ChastelerS, C.Carlson?, A.
Coleman?*, D. Cords!, P. Corsiviero8, D. Crabb2, D.Day?, E. De Sanctis’, S.Dytmanl!!,
L.Dennis?, D.Doughty?, P. Dragovichg, L. Elouadrhiri®, H.Funsten?, M.Gaild G.
Gervino®, K.Gicvanettil?, D. Heddle®, P. Levi Sandri’, Zh. Li %, J. Lieb!4, M. Manley!3,
R. Marshall?, L. Mazzaschi8, J. McCarthy?, B.Mecking!, M.Mestayer!, R.Minehart2,
V. Mokeev8, M. Muccifora’, N .Mukhopa.dhya.gr?’, B.Niczyporukl, D. Pocanic?, O.Rondon-
Aramayo?, J. Napolitano®, E. Poli?, G. Ricco®, M. Ripani®, A.R. Reolon’, P. Rossi’,
M. Sanzone®, R.Sealock?, E.Smith!, L.C. Smith?, P.Stoler®, M. Taiuti®, D.R. Tilley®,
T. Tung4, S.Thornton?, H.Weber?, H. WellerS, B. Wojtsekhowskil, A.Yegneswaran!,
A. Zucchiatti8

1CEBAF, 2Univ. of Virginia, SRPI, *William & Mary, 3Christopher Newport, SDuke,
TINFN-Frascati, 8INFN-Genova, IFlorida State, Hampton, 1! Univ. of Pittsburgh, 2James
Madison, 13Kent State, 14George Mason, ®Univ. of Conn.



I. Physics Background

One of the fundamental subjects in physics is the non-perturbative structure of baryons
and their excitations in terms of elementary quark and gluon constituents. A central issue

concerns which models are valid for describing these excitations in different domains of Q2.
At low Q2 ( < 1GeV? /cz), the structure is very complex and as yet unsolved, whereas
the constituent quark model (CQM) has proven to be a very powerful and widely accepted
basis. At moderate Q% < 3 GeV2/c? recent relativistic extension of the CQM in the light
cone formalism {As-94) gave very encouraging results for the nucleon form factors and some

(poorly known) resonance transitions. At asymptotically high Q? the physics is expected to
be greatly simplified since the interactions are describeable in terms of perturbative QCD
(pPQCD) and the structure involves only the minimum number of current quarks. The
distribution functions of these valence quarks are determined by their non-perturbative
interaction with the complicated QCD vacuum, and this gives us a handle on treating the
non-perturbative QCD structure of a hadron.

There is currently a great deal of controversy about what domain of Q2 corresponds
to the transition from non-perturbative to perturbative descriptions. For inclusive deep
inelastic scattering from individual quarks it is well known that pertubative descriptions
begin to be valid at Q2 as low as 1 or 2 GeV?2/c2. However, for exclusive reactions
involving the coherent behavior of several guarks the transition to perturbative descriptions

is expected to take place at higher values of Q2. There are a variety of exclusive data which
(inconclusively) appear to approach the predicted pQCD dimensional counting rules at

surprisingly low QZ2, ie. as low as a few GeV2/c2, which is well below the asymptotic

Q? predicted by theory. At this time one may say that a satisfactory understanding of
exclusive reactions in the multi-GeV regime eludes us. In order to make important progress
in understanding the reaction mechanism we must look at fundamental systems for other

experimental observables as well as Q2 scaling.

There are two important aspects of exclusive reactions. On one hand there is the hier

archy of the Q2 dependence of the transition amplitudes, which are related to the relative
complexities of the participating states. In the pQCD limit only the Fock state consisting

of valence quarks is supposed to contribute, leading to the well defined Q2 counting rules.
'The saturation of these counting rules would be an indication of the approach to the do-
main where perturbative calculation techniques would be valid. However, the agreement of
the predicted dimensional scaling is not conclusive evidence for the onset of pQCD, since
calculations using constituent quark models, or even traditional non-quark models can, in
specific cases mimic the pQCD predicted scaling behavior.

Fortunately there are other predictions of pQCD calculations which can be tested for
the first time with CEBAF. For example the quark distribution function manifests itself
in the magnitudes of the the exclusive cross sections, and helicity conservation imposes
important restrictions on the relationships between contributing helicity amplitudes or
multipoles.

The physics in the case of baryon resonance transitions has been reviewed in some
detail in St-93. A short summary of the issues is presented here. The form factors may be
expressed in terms of the allowed electromagnetic multipoles or helicity elements. At high

Q? they can be factorized utilizing quark helicity conservation (Br-89):

1 1
FQY = [ [ dedy &p(y)" Tyt @),
where z = (zy,29,z3) andy = (y1,y9,y3) denote the longitudinal momentum fractions
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of the valence quarks of the initial and final baryon state. The two main ingredients are the
hard transition operator T g, which is purely perturbative and the three-quark distribution
amplitudes @, which reflect the non-perturbative interaction of the valence quarks with
the QCD vacuum.

The transition operator Ty to leading order in pQCD is determined by diagrams such
as in Figure 1, where three quarks absorb the virtual photon and remain intact by means
of the exchange of two hard gluons. This leads to the functional form

2rn2
Ti = 203 e,0,0%)

Figure 1. Example of a leading order di- %
agram contributing to the perturbative E
hard scattering amplitude T}.

:

The form factor is then predicted to scale as Q~4, modulated by logarithmic decreases

due to the Q% dependence of the running coupling constant a,, and the evolution of the
distribution amphtude.

The valence quark distribution amplitudes ®(z) determine the form factor normaliza-
tions and signs. At moderate Q2 say a few GeV? /c“, more complicated processes involving
sea quarks and gluons interacting non-perturbatively play important roles. Exactly what
is the role of more complicated soft processes vis-a-vis leading hard processes at moderate
Q%isa very controversial issue. From the available data our assessment is that we just
don’t know. The the Q2 dependence of the elastic proton form factor is one of the few
pieces of baryon data available. However, there is a controvesy about whether ® obtained
from QCD sum rules can explain the observed magnitude. Exclusive data on the separated
helicity conserving, helicity non-conserving and longitudinal amplitudes of the individual
resonances will be of great value in assessing conflicting theoretical approaches. The ex-
tension of the measurement of exclusive resonance transition amplitudes from a maximum
of ~ 4 GeV? /e to ~ 7 GeV?2 /2, which we propose here, will enable us to access a crucial
kinematic interval where there is currently no exclusive data.

The most significant feature of the inclusive electron scattering cross section in the
resonance region, shown in F igure 2, is the existence of three broad maxima: the first,
second and third resonance regions. In this interval there are about 20 known non-strange
resonances. The first maximum is due to the A(1232) resonance. The most important
states in the second resonance region, are the S 1(1535) and the Dy3(1520). In the third
resonance region, the strongest excitation at low Q¥ is the F15(1680) state, but the relative
strength of the other six contributing states is not well determined, especially at increasing

Q2
The current experimental situation for the resonances is that there exist no exclusive

data of any kind for Q2 above 3 GeV?2 /c2, and only a paucity of data at low Q2. The
existing single-arm inclusive electron scattering data have been evaluated (St-91), and

equivalent transition form-factors as a function of Q? extracted for the three dominant
peaks near W = 1232, 1535 and 1680 MeV. The result indicates that in the Q2 region of
the proposed experiments the cross sections may be approaching a 1/Q* behavior, except
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for the delta, whose cross section appears to be falling faster with Q2. Since no inclusive
data exist in this region it is difficult to say a,nything further, especially which of the
resonant amplitudes are responsible for the observed Q* dependence of the inclusive cross
section.

IT Experimental Program

The large kinematic acceptance of the CLAS detector will allow us to make simul-

taneous measurements covering a large range of Q2 and W with a large fraction of 47
acceptance for several decay channels. Running at an electron energy of 6 GeV will enable

us to greatly extend the Q2 range of high quality data considerably above the approved
experiment. The maximum accessible Q? increases from about 4 GeV2/c? to about T
GeV?2 /c? when the beam energy is increased from 4 to 6 GeV. By extending the measure-

ments of the amplitudes of the most prominent resonances to 7 GeV2/c? we will observe
the kinematic regions where constituent quark models break down, and look for indications
of the growing importance of hard perturbative phenomena.

Angular distribution measurements will be made for single meson decay channels such
as (e,e'n°) and (e, €'n). Isolating resonances and separating their multipoles will be greatly
facilitated by the strong reduction in non-resonant contributions in neutral meson detection
(see section III below). The neutral 7° and 5 channels will be measured by detecting
the protons in the kinematically complete p(e,€'p)n, 7° reactions. For the charged =+
production, the 7% will be directly detected. The following are examples of the kind of
information we will access.

The Q2 behavior of the delta resonance remains a controversial puzzle. The form factor

decreases significantly as a function of Q2 compared with that of the other states. At low Q?
in a pure SU(6) constituent mean-field model the N— A transition is purely M- 1+ involving

a single-quark spin-flip. At high Q? the E14+/M4 ratio is expected to increase steadily

with Q2, and in the PQCD limit helicity conservation demands the equality My, = E4. A
crucial test of our understanding of excited baryon structure, and the regions of validity of
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the extremely different models is to observe the evolution of the E1; and M multipoles.
When Ey14 /M) is as little as ~ 0.1 the decay angular distributions are very different
than for a predominantly M transition. Simulations show that we can expect to obtain

definitive information on this crucial ratio over a large range of Q2 (see Section III below).

The S11(1535) is one of the few large resonances which has a strong coupling to the 7

decay channel. At lower Q? the reaction ple, €'p)n is totally dominated by S-wave produc-
tion and exhibits a clear resonant behavior with only small non-resonant contributions. For
S-wave production the differential cross section contains only one transverse helicity am-
plitude Aoy, while at lower Q2 the longitudinal coupling was found to be small. Therefore
the resonant transverse amplitudes can be directly extracted from this data, with modest
corrections due to non-resonant contributions. These experimentally attractive features
will enable us to study this transition at a very early stage in the program.

The P;1(1440), or Roper resonance, has been the the subject of considerable interest.
In the non-relativistic quark model with harmonic oscillator potential this state is an N
= 2 energy level with the same quantum numbers as the N = 0 nucleon. There has also
been speculation that its Py character makes it a candidate for the lightest hybrid baryon
(Li-92), in which case one expects a very different Q? dependence from the one predicted

in the quark model (Ca-94). A hybrid P;; will disappear at high Q2whereas alN =2
quark model state is predicted to become a prominent resonance. Since the A falls rapidly
with Q% this may make the Roper, which is obscured at low Q2, more accessible.

I1I Experimental Consideration

In preparation for this program members of the N* collaboration have undertaken
major responsibility for construction of a large part of the CLAS spectrometer. Amon
the spokespersons on this proposal, V. Burkert is leading an effort at CEBAF to buil
the forward angle calorimeter, P. Stoler is in charge of construction of the gas Cerenkov
system at Rensselaer, and M. Taijuti is in charge of building the large angle calorimenter
in Italy. Concurrently we are developing the software to analyze the data, and to simulate
experimental expectation. V. Burkert and Zh. Li have been been involved in this. The
analysis software is being developed for the entire single pion portion of N* program (Bu-
94).

We have been simulating the acceptances and resolutions for operation of the CLAS
with a 6 GeV electron energy. The prognosis is quite favorable. For example, Figure 3
shows the missing mass resolution which is expected for the experiment p(e, e"p)ﬂ'0 at Q2
= 5 GeV2/c? near the peak of the delta resonance. The single pion peak appears very well
separated from the two pion threshold.

The decomposition of the amplitudes for the individual resonances require angular
distribution measurements of the exclusive meson decay channels. Using the simulation
codes AQ and SDA we have obtained acceptances for the reactions p(e, ¢/p)7? and p(e, €'p)n
corresponding to the proposed kinematics, and find they are very high (> 50 %) over nearly

the full range of kinematic variables. This has enabled us to determine the expected
statistical accuracy of the experiment . The following are some examples.

Figure 4 shows a simulated excitation curve for one month (30 days) running at a
luminosity of 1 x 10%¢ cm=2-sec™! for the reaction p(e,e’p)n‘o, at Q%= 5 GeVz/c2, for an
interval AQ? = 1 GeV?/c?, and hadron cm decay angle 8 = 60°, ¢ = 90° within the
interval A¢ = 60° and Acosf = 0.2. Note that the expected non-resonant contribution is
significantly smaller than for inclusive electron scattering,

Figure 5 shows the expected statistics for virtual photon differential cross sections
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for the A(1232) Q% = 5 GeV?/c? at ¢ = 30°, 60°, and 90°, with AW = 100 MeV,
AQ?=1 GeV?/c?, and A = 60° MeV. The curves are the expected angular distributions
assuming E1, /My, =0, 0.1 and 0.2. The statistical accuracy of the data is quite high.
For example a statistical fit for Fy4 /My, over the entire angular range of simulated data
at Q% = 5 GeV?/c? gives 6(E14+/MTy) ~ 4 x 10~3. However, we expect the uncertainty in
E1+/M)4 to be strongly affected by experimental systematic uncertainties and theoretical
uncertainties in the underlying non-resonant contributions. To minimize the experimental
uncertainties the collaboration plans a very extensive experimental program to calibrate
the CLAS acceptance. We also expect major input from our theoretical collaborators to
minimize uncertainties in the non-resonant contributions.

Figure 6. shows existing data on the ratio £y, /M) for the A(1232), as well as the
range over which we expect to obtain data. Since helicity conservation and pQCD require
the ratio to approach 1, whereas the CQM predicted value is near 0, we will be in a very

strong position to make definitive statements about the transition in the Q2 region which
we will access. ' .
Figure 7 shows examples of simulated angular distributions for #° and # production at

W near the D13(1520) and $11(1535) at Q2 = 3 GeV?/c? and 5 GeV?/c2. Also shown are
the existing data at Q% = 3 GeV2/c2. There are no experimental data above 3 GeV?/c2,
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Figure 5. Simulated virtual photon differential cross sections at Q2 = 5 GeV?Z/c2
of m° production for W at the A(1232) for ¢ = 30°, 60°, and 90°. The acceptances
are AW = 100 MeV, AQ2 =1 GeV? /c2, and A¢ = 60°. The assumed luminosity
is 1 x 103 ¢cm~2-sec™!, and the running time is 30 days. The curves are the
expected angular distributions assuming Ey4 /M4 = 0 (solid), 0.1 (dashed) and
0.2 (dot-dash). The chained curves near the bottom of the graphs are calculations

of non-resonant Born contributions. [T [T [T [
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and even at Q2 = 3 GeV? /2 the data are too poor to separate the two states adequately.

The three curves appearing on the =¥ data correspond to different assumptions about
the relative amplitudes of the two states. Remarkably, the strong interference between
the two amplitudes provides a very high degree of sensitivity to the admixture of the
D13 to the Ell- The 7 data in the figure assumes a pure 5 state without non-resonant
contribution. The very large acceptance of the CLAS spectrometer will provide complete
angular distributions similar to those shown over 8 to 10 ¢ bins covering 360°
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Figure 7. Simulated angular distributions for a.) 7 and b.) #° production at W =
1.535 GeV, near the D13(1520) and 511(1535) at Q2 = 3 GeV2/c? and 5 GeV?/c2,
At Q?=3 GeV?/c? the acceptance is AW = 30 MeV, AQ? = .5 GeVZ/c2?, and A¢
= 30°. At Q% = 5 GeV2/c?the ucceptance is AW = 100 MeV, AQ2 = 1 GeV?2/c2,
and A¢ = 45° MeV. The data points denoted by full circles are simulated, and
those denoted by open circles, with la.rge errors are the existing data for the same
acceptances. There are no data at Q% > 3 GeV?/c2. For n production (upper
figures), the solid curves are what one would expect for a pure S1) contribution with
no non-resonant contribution. For 0 production (lower graphs) the solid curves

assume a ratio of D13 to S1; amplitudes of 20%, while the dashed curves assume a
ratio of 0%. The dot-dash curves are calculated Born non-resonant contributions.

Conclusion. Extending the beam energy of experiment 89-003 to 6 GeV will enable

us to measure resonance amplitudes in a new regime of Q2, and test the limits of CQM’s
and the transition toward descriptions in terms of QCD. We request 30 days of beam with
the standard CLAS full field settings



(As-94)
(Ar-86)
(Ar-93)
(Br-89)

(Bu-92)
(Ca-92)
(Ca-94)
(Li-92)
(St-91)

(St-93)
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